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Cytochrome P450 1A1 (CYP1A1) and glutathione S-transferase M1 (GSTM1) genetic polymorphisms are involved
in the activation and detoxification of chemical carcinogens found in tobacco smoke; thus they may influence host
susceptibility to lung cancer. In this study at Massachusetts General Hospital (Boston, MA, USA) of 416 cases and
446 controls (mostly White) we evaluated the association between the CYP1A1 MspI and GSTM1 polymorphisms
and lung cancer risk, and their interaction with cigarette smoke. The CYP1A1 MspI heterozygous genotype was
present in 18 percent of cases and 16 percent of controls, and one percent of cases and controls were CYP1A1 MspI
homozygous variant. The GSTM1 null genotype was detected in 54 percent of cases and 52 percent of controls.
After adjusting for age, gender, pack-years of smoking, and years since quitting smoking, while neither the CYP1A1
MspI heterozygous genotype alone nor the GSTM1 null genotype alone were associated with a significant increase
in lung cancer risk, having both genetic traits was associated with a twofold increase in risk (95 percent confidence
interval [CI] = 1.0-3.4). Our data did not provide enough evidence for a substantial modification of the effect of
pack-years on lung cancer risk by the CYP1A1 MspI and GSTM1 genotypes. However, limitations of our study
preclude a conclusion about this potential interaction. Cancer Causes and Control 1997, 8, 544-553

Key words: Cytochrome P450, genotype, glutathione transferases, lung neoplasm, smoking, United States.

Introduction
Most carcinogens in tobacco smoke require metabolic
activation by phase I enzymes in order to manifest their
carcinogenic effects. The activated intermediates resulting

from these reactions  then can be  detoxified through
reactions catalyzed by phase II enzymes.1,2 Therefore,
genetically determined differences in metabolizing
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enzymes involved in these reactions could influence host
susceptibility to lung cancer, as well as modify the rela-
tionship between cigarette smoking and lung cancer risk.3

Cytochrome P450 1A1 and glutathione S-transferase
M1 (GSTM1) are, respectively, a phase I and phase II
enzyme involved in the metabolic activation and detoxi-
fication of polyaromatic hydrocarbons (PAH) and other
combustion products found in cigarette smoke.2,3 These
two enzymes have  been found to be polymorphic in
human populations. There are two described restriction
fragment-length polymorphisms (RFLP)  of  the gene
coding for P450 1A1: the MspI 4 and the Ile/Val 5 poly-
morphisms. While the relationship between these two
closely linked polymorphisms and the enzyme activity
remains to be established,4,6,7 the  homozygous variant
genotype of both polymorphisms has been associated
with an increased risk of lung cancer in Japanese popu-
lations.8-11 In contrast, this association has not been
confirmed in studies conducted in Caucasian (White) popu-
lations.12-15 The polymorphism in the GSTM1 gene is due to
a complete deletion of the gene which results in a lack of
enzyme activity.16-18 Several epidemiologic studies19-21 have
evaluated the association between lung cancer and GSTM1
null genotype (homozygous deletion) obtaining contradic-
tory results. Overall, these studies indicate that subjects with
the GSTM1 null genotype may have a 10 to 60 percent
average increase in lung cancer risk. This increase in risk
has been stronger and found more consistently in Japanese
than in Caucasian populations.

Several studies have evaluated the potential modifica-
tion of the association between these polymorphisms and
lung cancer by cigarette smoke.8,11,13,14,20,22-24 However,
results from these studies have been contradictory and
the question of whether these genes have stronger asso-
ciations with lung cancer at high or low levels of exposure,
or whether the associations are the same across levels of
exposure  remains  controversial. The small  number  of
subjects included in most of these studies, the use of
different methods of assessment and categorization of
cumulative dose, and differences in ethnicity are possible
explanations for the apparently contradictory results.

Some studies also have evaluated the potential inter-
action between  the CYP1A1 and GSTM1 genotypes.
Japanese studies have reported that subjects with the
combined GSTM1 null genotype and CYP1A1 MspI or
Ile/Val polymorphisms are at remarkably high risk of
lung cancer, especially at low cumulative doses of cigarette
smoke.10 Two subsequent Scandinavian studies25,26 sug-
gested an interaction between the GSTM1 null genotype
and the CYP1A1 MspI variant allele or the aryl hydro-
carbon hydroxylase (AHH) inducible phenotype,
however these studies were too small to be conclusive.

We recently reported27 a positive association between
the CYP1A1 MspI allele and lung cancer risk, which was

only evident after adjusting for cumulative smoking dose.
Specifically, in a case-control study of 207 lung cancer
cases and 283 controls from a North American (mostly
White) population, the combined homozygous/hetero-
zygous MspI variant of the CYP1A1 gene was associated
with a twofold increase in lung cancer risk (95 percent
confidence interval [CI] = 1.2-3.7). We have now expanded
our study to include 416 cases and 446 controls, providing
us with one of the largest studies conducted to date. In this
expanded population we have evaluated the association
between the CYP1A1 MspI and GSTM1 polymorphisms
and lung cancer risk, as well as the modification of the
effect of cigarette consumption by these polymorphisms.

Materials and methods

The present study is a case-control study of incident cases
of lung cancer which was conducted at the Massachusetts
General Hospital (MGH) in Boston, MA, United States.
Eligible cases included all patients with newly diagnosed
primary lung cancer (stages  I and II) presenting for
thoracic surgery at the MGH between December 1992
and August 1996, and who had a confirmed diagnosis
after histologic examination of post-surgery tumor
samples. Lung cancer patients were referred by physicians
from various services of the MGH as well as from
physicians outside MGH, and the vast majority (~ 90
percent) lived in the greater Boston area.

During the study period, we identified 572 eligible
patients, most of whom were White. Among these, 42
refused to participate, 34 were missed, 26 were unable to
participate, and  11 agreed to  participate but did  not
complete the questionnaires. This left 459 lung cancer
cases with a participation rate of 80 percent. Controls (n
= 458) were selected among friends or spouses of lung
cancer patients (n = 167), and among friends or spouses
of  cardiac surgery patients (n = 83) or other  thoracic
surgery patients (n = 208), all  from MGH. A  formal
record of the participation rate among controls was not
kept during the most of the study period. However, based
on an informal record of potential candidates identified
by the hospital nurse, our best estimate of the participa-
tion rate among controls is about 90 percent.

Data collection

Stage and histologic type of lung cancer was assessed by
histologic examination of post-surgery tumor samples.
Information on demographic characteristics (gender; age;
level of education; race; and family history of cancer in
parents, siblings, or children) was collected through ques-
tionnaires administered to cases and controls by trained
interviewers at the hospital. Smoking and other occupa-
tional/environmental exposure history was collected
through a modified standardized American Thoracic
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Society respiratory  questionnaire.28 This questionnaire
included information on: current smoking status; age when
started smoking; whether they temporarily quit smoking
for six months or more during the period they smoked;
age when quit smoking; and the average amount of ciga-
rettes smoked per day, period, and frequency of exposure
to other environmental or occupational substances such
as asbestos  and  solvents.  Levels of food  intake were
assessed through a semiquantitative food-frequency ques-
tionnaire with 126 food items.29 Details on the assessment
of dietary intake in the population under study have been
previously described.30 Questions about current habits
were referred to time of diagnosis for cases and time of
interview for controls.

Blood samples were obtained in the hospital from cases
and controls and sent to the molecular biology laboratory
for genotype determination. DNA was obtained from
heparinized whole blood by use of Chelex® solution as
described by Walsh et al. 31 Genotyping for CYP1A1 MspI
and GSTM1 was completed using PCR-based methods
previously published.27,32,33

Data analysis

Odds ratios (OR) and CIs were used to quantify the
association between lung cancer risk and genotype.
Generalized additive models were used to assess non-
linear associations of continuous covariates on the logit
of the probability of disease.34 The following potential
confounders were considered in the  analysis: gender
(male, female); race (White and others); level of education
(less than high school, high school graduate, 1-4 years of
college, and  college  graduate);  smoking  status (never,
current or quit within the last year, former); current age;
age at onset of smoking; years since quit smoking; average
duration of smoking; average cigarettes per day; pack-
years smoked; occupational exposure to asbestos (yes,
no);  family history  of lung  cancer among  parents or
siblings (yes, no); and dietary intake of  antioxidant
vitamins (vitamin C, vitamin E, alpha-carotene and beta-
carotene). Among these potential confounders, only age,
gender, dose and duration of cigarette smoking, and years
since quit smoking were included in our final model (see
Results section).

Generalized additive models indicated the presence of
a non-linear association on the logit of the probability of
disease for age and pack-years, and a linear association
for years since quit smoking. The functional form for age
and pack-years was approximated by second-degree
polynomials. Therefore, the adjusted genotype ORs were
obtained from parametric models which included age and
pack-years as second-degree polynomials, a linear term
for years since quit smoking, and an indicator term for
gender. The genotype ORs were practically unchanged
by alternative ways of modeling dose and duration of

cigarette smoking, e.g., including dose and duration as
two separate terms, or including pack-years only. Statis-
tical analysis were performed with the statistical software
STATA version 5.0 and S-Plus version 3.3 for Windows.

Results

The study population included 459 cases of lung cancer
and 458 controls. Five controls and 37 cases were excluded
because we were unable to obtain a blood sample for
genotype analysis. Among the remaining subjects, six
cases and seven controls were excluded because of incom-
plete smoking data, leaving 416 cases and 446 controls
available for the main analysis.

The distribution of characteristics of cases and controls
with complete genotype and smoking information (n =
917) is displayed in Table 1. Approximately, 97 percent
of cases and 98 percent of controls were Whites. Respec-
tively, cases and controls had a percentage of females of
46 percent and 53 percent, and a median age of 67 years
(33 to 89 range) and 64 (27 to 84 range) years. Of the
cases, current smokers accounted for 41 percent, former
smokers (defined by having quit smoking at least one year
before enrollment) for 54 percent, and never-smokers for
five percent. Of the controls, current smokers accounted
for 17 percent, former smokers for 52 percent, and never-
smokers for 31 percent. The most common histologic type
was adenocarcinoma (54 percent), followed by squamous
cell carcinoma (28  percent), large  cell carcinoma (five
percent), small cell carcinoma (four percent), and others
including mixed cell types (eight percent).

Association between CYP1A1 MspI and GSTM1
genotypes and lung cancer

The distribution of the CYP1A1 MspI and GSTM1 geno-
types was very similar for cases and controls (Table 1).
The CYP1A1 MspI homozygous variant genotype was
present only in four controls and four cases. Since past
studies have shown different magnitude of associations
for homozygous  variant  and  heterozygous subjects9,10

these eight subjects were excluded from further analyses.
A  positive association  between the CYP1A1 MspI

polymorphism and lung cancer risk has been reported
previously in a subset of the population under study.27

This association was only present after adjusting for ciga-
rette smoking. In the current population, the CYP1A1
MspI heterozygous genotype was associated with a 50
percent increase in risk  of  lung cancer  (CI = 1.0-2.3)
(Table 2). As in our pervious report, pack-years was the
main variable responsible for the differences between the
crude and adjusted estimates. This reflected a negative
association between the average cigarettes smoked per
day and the CYP1A1 MspI heterozygous  genotype
among the control group (23 ± 15 and 17 ± 11 [mean ±
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standard deviation] cigarettes per day for m1/m1 and
m1/m2 respectively; Wilcoxon Sum Rank Test: P = 0.01).
In contrast to the MspI genotype, our data did not show
evidence  for an  association between  the GSTM1 null
genotype and lung cancer risk (Table 2). When different
histologic types of lung cancer were evaluated separately,
no relevant differences in risk were observed for either
of the genotypes (data not shown).

Models restricted to Whites or including dummy
variables for different levels of education did not show
important changes in the estimated genotype ORs. We
also evaluated the confounding effects of family history

of lung cancer, dietary intake of antioxidant vitamins and
occupational exposure to asbestos among the subset of
subjects with complete information on these variables (n
= 684). Since we did not find evidence for important
confounding by either of these variables and given that
several subjects had missing information, we did not in-
clude them in the final adjusted model.

Interaction between CYP1A1 MspI, GSTM1, and
cigarette smoke

Table 3 shows results from a stratified analysis performed
to evaluate the modification of the association between

Table 1 . Distribution of selected variables among lung cancer patients and controls, Massachusetts General Hospital

Characteristics Cases
(n = 416)

Controls
(n = 446)

Age in years, median (range) 67 (33-89) 64 (27-84)
Gender, n ( %) females 193 (46.4) 237 (53.1)
Race, n (%) White 403 (96.9) 436 (97.8)
Educationa n (%) College graduate 86 (21.3) 96 (21.8)
Smoking status, n (%)

Never-smokers 21 (5.0) 139 (31.2)
Former smokers 226 (54.3) 233 (52.2)
Current smokers 169 (40.6) 74 (16.6)

Duration of smoking in years, mean (SD)
Former smokers 36 (12) 24 (12)
Current smokers 44 (11) 38 (11)

Average cigarettes per day, mean (SD)
Former smokers 30 (16) 22 (15)
Current smokers 29 (15) 21 (11)

Years since quit smoking, mean (SD) 13 (10) 20 (12)
Passive exposure to cigarette smoke at home or workb

n (%) positive 18 (94.7) 127 (92.7)
Occupational exposure to asbestos,c n (%) positive 60 (14.6) 43 (9.6)
CYP1A1 MspI

n (%) homozygous wild-type 337 (81.0) 369 (82.7)
n (%) heterozygous 75 (18.0) 73 (16.3)
n (%) homozygous variant 4 (1.0) 4 (1.0)

GSTM1
n (%) homozygous wild-type or heterozygous 190 (45.7) 214 (48.0)
n (%) homozygous deleted 226 (54.3) 232 (52.0)

Family history of lung cancer,d n (%) positive 81 (22.8) 58 (15.1)
Histologic typee

Adenocarcinoma, n (%) 225 (54.3) —
Squamous cell carcinoma, n (%) 116 (28.1) —
Small cell carcinoma, n (%) 18 (4.3) —
Large cell carcinoma, n (%) 23 (5.6) —
Other tumors,f n (%) 32 (7.7) —

a Information was missing for 13 cases and 5 controls.
b Among never-smokers only. Information was missing for 2 cases and 2 controls.
c Information was missing for 5 cases.
d Information was missing for 61 cases and 61 controls.
e Information was missing for 2 cases.
f Includes 14 cases with mixed tumors and 18 cases with more than one tumor.
SD = standard deviation.
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Cancer Causes and Control.  Vol 8. 1997 547



Table 2 . Association between lung cancer risk, CYP1A1 MspI and GSTM1 polymorphisms

Cases Controls Crude Adjusted b

OR (CI)a OR (CI)a

CYP1A1 MspI c

m1/m1 337 369 1.0 — 1.0 —
m1/m2 75 73 1.1 (0.8-1.6) 1.5 (1.0-2.3)

GSTM1 d

Present 190 214 1.0 — 1.0 —
Null 226 232 1.1 (0.8-1.4) 1.0 (0.7-1.4)

a OR = odds ratio; (CI) = 95 percent confidence interval.
b Odds ratios adjusted for age, gender, pack-years, years since quit smoking, and the other genotype.
c m1/m1 = homozygous wild-type; m1/m2 = heterozygous. Homozygous variant subjects (m2/m2) were excluded from this

analysis (n = 8).
d GSTM1 null genotype refers to homozygous deletion.

Table 3 . Association between lifetime cumulative cigarette dose and lung cancer risk stratified by the CYP1A1 MspI and GSTM1
genotypesa

Pack-years of smoking Cases Controls Adjusted b

OR (CI)a

All subjects

≤ 20 46 119 1.0 —

21-40 76 102 1.2 (0.7-1.9)
41-60 109 50 3.0 (1.7-5.3)
> 60 161 36 5.8 (3.1-10.6)

CYP1A1 MspI genotypec,d

m1/m1

≤ 20 37 91 1.0 —

21-40 60 90 1.0 (0.5-1.7)
41-60 90 44 2.5 (1.4-4.7)
> 60 135 31 5.4 (2.8-10.4)

m1/m2

≤ 20 8 27 0.8 (0.3-1.9)

21-40 19 12 2.1 (0.9-5.0)
41-60 19 4 5.2 (1.5-17.5)
> 60 23 5 5.1 (1.7-15.6)

GSTM1 genotypee,f

Present

≤ 20 19 56 1.0 —

21-40 31 49 1.1 (0.5-2.3)
41-60 56 23 3.9 (1.7-8.6)
> 60 73 11 9.2 (3.7-22.8)

Null

≤ 20 27 63 1.3 (0.6-2.7)

21-40 48 53 1.6 (0.8-3.2)
41-60 53 27 3.1 (1.4-6.8)
> 60 88 25 5.2 (2.5-12.2)

a Analysis limited to cigarette smokers (395 cases and 307 controls).
b Odds ratios (OR) and 95% confidence intervals (CI) adjusted for the other genotype, age, gender, pack-years, and years

since quit smoking.
c m1/m1 = homozygous wild-type; m1/m2 heterozygous. Homozygous variant subjects (m2/m2) were excluded from this

analysis (n = 8).
d Likelihood ratio test for homogeneity: χ2

(3) = 3.8, P = 0.3.
e GSTM1 null genotype refers to homozygous deletion.
f Likelihood ratio test for homogeneity: χ2

(3) = 4.1, P = 0.3.
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cumulative smoking dose and lung cancer risk by the
CYP1A1 MspI and the GSTM1 polymorphisms. This
analysis was restricted to current and former smokers.
The genotype ORs  among never-smokers were  very
similar to the ORs for all subjects reported in Table 3
(OR = 1.8, CI = 0.7-5.0 for CYP1A1 MspI heterozygous
genotype, and OR = 1.1, CI = 0.4-2.6 for GSTM1 null
genotype). Stratification by CYP1A1 MspI suggested a
stronger effect of smoking among subjects with the MspI
heterozygous genotype than among MspI wild-type sub-
jects, however, CIs were too wide to enable any inference
(likelihood ratio test [LRT] for homogeneity: χ2

(3) = 3.8,
P = 0.3). Stratification by GSTM1 genotype suggested a
weaker effect of pack-years for subjects with the null
genotype than for subjects with GSTM1 present.
However, as in the case of the CYP1A1 genotype the test
for homogeneity indicated that this difference is likely to
be explained by chance (LRT for homogeneity: χ2

(3) = 4.1,
P = 0.3).

In order to improve the power to study these potential
interactions and to avoid the dependence of results on
arbitrary cut-off points, we also modeled pack-years as
a continuous variable. Generalized additive models
indicated that the relationship between the logit of the
probability of disease and pack-years for the different
genotype groups was well-approximated by second-
degree polynomials. Therefore, we present results from
parametric models which included second-degree
polynomials to describe the effect of pack-years by the
different genotypes.

Figures 1 and 2 represent the relationship between
pack-years and the logit of the probability of disease after

stratification by the CYP1A1 MspI and GSTM1 geno-
types. Figure 1 shows an about 50 percent increase in risk
of lung cancer for subjects with the MspI heterozygous
genotype, as seen in Table 2, which does not seem to
change across levels of cumulative cigarette dose (LRT
for interaction:  Deviance = -0.02, P = 1.0). Thus, the
association between cumulative smoking dose and lung
cancer does not appear to be modified by the CYP1A1
MspI genotype.  According to  Figure  2, GSTM1 null
subjects seem to have an increased risk of lung cancer at
low to moderate  doses of  smoking.  However, as the
number of pack-years increases,  the  lung cancer  risk
increases at a lower rate among subjects with the GSTM1
null genotype than among subjects with GSTM1 present;
thus, GSTM1 null subjects appear to have a decreased
risk of lung cancer at high doses of smoking. This pattern
of interaction agrees with the pattern observed in the
stratified analysis (Table 4), however according to the test
for interaction we cannot reject the null hypothesis that
the effect of smoking is the same across GSTM1 genotypes
(LRT for interaction: Deviance = -4.1, P = 0.1).

Interaction between the GSTM1 and CYP1A1 MspI
polymorphisms

When compared with subjects with at least one GSTM1
allele and with the CYP1A1 MspI homozygous wild-type
genotype, neither the CYP1A1 MspI heterozygous geno-
type nor the GSTM1 null genotype was associated with
an increase in lung cancer risk; however, having both traits
was associated with an approximately twofold increase
in risk (CI = 1.0-3.4) (Table 4). Differences between the
crude and adjusted estimates shown in Table 4 were due

Figure 1 . Fitted values for the relationship between lung cancer
risk and pack-years stratified by the CYP1A1 MspI polymor-
phism, from a logistic regression model which included
pack-years as a second-degree polynomial and terms for age,
gender, years since quitting smoking, and GSTM1 genotype.

Figure 2 . Fitted values for the relationship between lung cancer
risk and pack-years stratified by the GSTM1 polymorphism,
from a logistic regression model which included pack-years
as a second-degree polynomial and terms for age, gender,
years since quitting smoking, and CYP1A1 MspI genotype.
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to the inclusion of pack-years in the adjusted model. This
reflected the association between CYP1A1 MspI geno-
type and cigarettes  smoked per  day reported in the
previous section.

No important differences in the interaction between
the GSTM1 and CYP1A1 MspI genotypes were observed
across different histologic types. The adjusted OR for the
interaction term between the two genotypes was 2.1 (CI
= 0.9-4.0, P = 0.1) for all tumors combined, 2.3 (CI =
0.8-6.0, P = 0.1) for adenocarcinoma and 2.2 (CI = 0.5-
10.0, P = 0.3) for squamous cell carcinoma. Thus,
although there is an indication of a positive multiplicative
interaction between GSTM1 and CYP1A1 MspI poly-
morphisms, our data do not provide enough evidence to
reject the null hypothesis of no multiplicative interaction
at the five percent level of significance.

Since only the combination of GSTM1 null and
CYP1A1 MspI heterozygous genotype seems to be
associated with lung cancer risk, we compared the risk of
subjects with this genotype combination with the risk of
subjects with any other genotype combination, namely
GSTM1 present/CYP1A1 MspI homozygous wild-type,
GSTM1 present/CYP1A1 MspI heterozygous or GSTM1
null/CYP1A1 MspI homozygous. The adjusted OR for
this  comparison  was 2.0  (CI = 1.1-3.5) for all tumors
combined, 1.8 (CI = 0.9-3.4) for adenocarcinoma, and 1.8
(CI = 0.7-4.5) for squamous cell carcinoma.

Our  data suggested a  negative interaction between
pack-years and the GSTM1 genotype.  Therefore we
attempted to explore a potential three-way interaction
between the two genotypes and pack-years. Given the
limited power of our study to assess a three-way inter-
action, we constructed a reduced model to explore the
modification of the OR for the combined genotype by
two levels of cumulative smoking dose using 40 pack-
years as the cut-off point (data not shown). This reduced

model provided no evidence of a substantial modification
of the pack-years effect by the combined genotype (LRT
for homogeneity: χ2(1) = 0.1, P = 0.8).

Discussion

In this North American, mostly White, population we
did not find evidence for an overall association between
the GSTM1 null genotype and lung cancer risk. However,
our data suggested that the GSTM1 deletion may
contribute to lung cancer risk in combination with the
CYP1A1 MspI heterozygous variant genotype. The
frequency of the GSTM1 null genotype among White
controls (227/436 = 52 percent) was very similar to the
only previously published  study  in North American
Whites (244/465 = 52 percent)20 and it was within  the
range of frequencies found in other White populations:
53 percent (175/329) in a Swedish population,2553 percent
(82/155) in a German population,35 44 percent (62/142)
in a Finnish population,23 42 percent (94/225) in a English
population,17 and 46 percent (67/147) in a northwestern
Mediterranean population.21 These variations might
reflect differences in ethnicity within Caucasian popula-
tions.36 However, they also could reflect random
variations due to the small samples in many of these
studies.

As in our previous report,27 the CYP1A1 MspI
heterozygous genotype was associated with an increased
risk of lung cancer, which was evident only after adjusting
for pack-years (OR = 1.5, CI = 1.0-2.3). This association
did not appear to be modified by the level of cigarette
smoking. The crude OR for the GSTM1 null genotype
(OR = 1.1, CI = 0.8-1.4) was similar to the estimate
obtained in a recent metanalysis of past studies in Whites
(OR = 1.2, CI = 1.0-1.4)19 and to the crude estimate
observed  by London et  al 20 among North  American

Table 4 . Association between CYP1A1 MspI and GSTM1 polymorphisms and lung cancer risk

Cases Controls Crude Adjusted b

OR (CI)a OR (CI)a

CYP1A1 MspI m1/m1c

GSTM1 present 174 155 1.0 — 1.0 —
GSTM1 null 195 182 1.1 (0.8-1.4) 0.9 (0.6-1.3)

CYP1A1 MspI m1/m2c

GSTM1 present 38 32 0.9 (0.6-1.6) 1.0 (0.5-1.9)
GSTM1 null 35 43 1.4 (0.8-2.3) 1.9 (1.0-3.4)

Total 442 412

a OR = odds ratio; (CI) = 95 percent confidence interval.
b Odds ratios adjusted for age, gender, pack-years, and years since quit smoking.
c m1/m1 = homozygous wild-type; m1/m2 = heterozygous. Homozygous variant subjects (m2/m2) were excluded from this

analysis (n = 8).
Likelihood ratio test for homogeneity: χ2(1) = 1.7, P = 0.1.
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Whites (OR = 1.0, CI = 0.7-1.3, calculated from Table 2
of the paper). We did not find important differences be-
tween adenocarcinoma  and  squamous cell  carcinoma.
This finding agrees with a recent meta-analysis19 and the
London et al study.20 Overall, the London et al study and
the present study indicate that the GSTM1 null genotype
is not associated with a substantive increase in lung cancer
risk in North American White populations.

Several epidemiologic studies which have evaluated the
interaction between GSTM1 and cumulative  cigarette
smoking have obtained contradictory results. Out of the
six studies  which evaluated this  interaction,  three22-24

found a positive association between GSTM1 and lung
cancer only among smokers with high cumulative cigarette
dose, two11-20 found this association only among smokers
of low cumulative dose, and one study35 found no evidence
for differences in two categories of cumulative smoking
dose. A stronger association between GSTM1 null geno-
type and lung cancer for heavier than lighter smokers is
also supported by a study37 which found an association
between high sister chromatic exchange (SCE) levels and
the GSTM1 deficiency among subjects with high cotinine
levels but not among subjects with lower cotinine levels.
Our data suggested a weaker effect of pack-years for
GSTM1 null subjects than for subjects with the GSTM1
present, which implied a positive association between
GSTM1 null genotype and lung cancer for low to mod-
erate doses of cigarette smoke, and a negative association
for high doses of smoking. However, given the biological
implausibility of  a cross-over  effect, chance seems a
reasonable explanation for the suggested pattern of inter-
action.

When  we stratified subjects  according  to both the
CYP1A1 MspI and GSTM1 genotypes, while neither the
GSTM1 null genotype alone nor the CYP1A1 MspI
heterozygous genotype alone  were associated with a
significant increase in lung cancer risk, having both genetic
traits was associated with an approximately twofold
increase in risk (CI = 1.0-3.4). This multiplicative inter-
action was similar for adenocarcinoma and squamous cell
carcinoma cases. A similar interaction was reported in a
Swedish study of all tumor types25 but not in two Japanese
studies of squamous cell and small cell carcinomas11,38

which found a positive multiplicative interaction with the
CYP1A1 MspI homozygous variant genotype but not
with the heterozygous genotype.

Several  potential  biases might  have  influenced  our
results. First, our control population includes friends or
spouses  referred by  cases,  by cardiac patients, or by
thoracic patients. A necessary condition for the validity
of our estimates of the genotype association is that, con-
ditional on the variables controlled in the analysis, (i) the
genotype distribution of the three controls series is the
same, and (ii) represents the distribution in the source

population. To evaluate whether (i) is satisfied, we tested
for differences in the genotype frequencies of the three
control groups conditional on the variables included in
our final model, finding no significant differences (χ2

(2) =
4.4, P = 0.1 for GSTM1 genotype; and χ2

(2) = 4.9, P = 0.1
for CYP1A1 MspI genotype). Given that we found no
significant differences in genotype frequencies and that
the frequencies in the collapsed control group were similar
to the estimates observed in past studies of White popu-
lations, it is seems acceptable to assume that the three
control groups represent a common population.

This still leaves us with the possibility that the three
control groups, while originating from the same popula-
tion, might not represent the source population of the
cases. Selecting controls among friends or spouses of lung
cancer patients or other surgical patients might introduce
bias by two different mechanisms: (i) the distribution of
exposures among ‘gregarious subjects,’ 39 i.e., subjects who
tend to be named by more than one other person as
controls, might be different than among ‘non-gregarious
subjects’ and, therefore, it might not represent the distri-
bution in the source population which includes both types
of subjects;39 (ii) exposures among friends and spouses of
patients might be similar to the exposures among the
patients themselves, and thus it might not represent the
exposure distribution in the source population. These two
factors are likely to be relevant for exposures such as age,
gender, smoking, or dietary habits. However, within cate-
gories of these variables and among the same racial or
ethnic group, metabolic polymorphisms are unlikely to
be associated with being a gregarious individual or with
having a friend or spouse with lung cancer. Therefore, the
genotype-disease association is unlikely to be affected
substantially by this type of bias. On the other hand, the
reported estimates for the effect of pack-years on lung
cancer are likely to be underestimated.

Second, our  case-population includes only surgical
lung cancer patients (stages I and II), and more advanced
tumors not eligible for surgery are not included. Thus,
differential selection of cases with respect to the genotype
could occur if the genotype is related to the stage at which
the lung cancer is detected. Although to our knowledge
this has not been evaluated for GSTM1 in past studies,
two Japanese studies suggested a higher frequency of the
CYP1A1 MspI variant allele for poorly differentiated than
for well-differentiated adenocarcinomas40 and for lung
cancer patients with metastasis than for patients without
metastasis.41 These differences could have introduced
underestimation of the genotype ORs because poorly
differentiated  tumors  and  tumors  with metastasis are
more likely to become inoperable.

Third, ethnicity, which was not measured in this study,
could be a confounder of the ORs for the genotype-
disease association. However, in the context of our study,
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this type of confounding is unlikely to be important since
in this almost exclusively White population, ethnicity is
unlikely to be strongly associated either with the geno-
type, as indicated above, or with lung cancer risk.

On the basis of this discussion, we conclude that among
Whites, the combination of the CYP1A1 MspI heterozy-
gous genotype and the GSTM1 null genotype is likely to
be associated with an increased risk of lung cancer. This
indicates  that  host  susceptibility  to  lung cancer  may
depend on the metabolic balance between the P450 1A1
and  the GSTM1 enzyme  activities. Our  data did  not
provide with enough evidence for a modification of the
effect of pack-years on lung cancer risk by the CYP1A1
MspI and GSTM1 genotypes,  however  this  result  is
tentative in view of the limited statistical power to assess
comprehensibly  a  potential  three-way interaction be-
tween CYP1A1 MspI, GSTM1, and lung cancer risk.
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